The hippocampal mossy fiber pathway, the major and axonal Na + channels contribute differentially to connection from the dentate gyrus to the CA3 region, mossy fiber synaptic transmission.
To determine the total number of Na + channels in a parable to previous estimates in invertebrate axons (120 mS cm −2 in squid axons and 40 mS cm −2 in Myxipatch, we analyzed the macroscopic Na + currents by nonstationary fluctuation analysis (Sigworth, 1980) . The cola axons; Hodgkin and Huxley, 1952; Goldman and Schauf, 1973). Thus, presynaptic mossy fiber terminals ensemble variance was calculated from the fluctuation of Na + currents around the mean ( Figure 1A ), plotted have axon-like properties, expressing voltage-gated Na + channels in very high density. against the ensemble mean, and fitted with a parabolic function ( Figure 1C ). In five MFB patches, the mean single-channel current i was 0.91 ± 0.09 pA, and the estimated mean total channel number N was 173 ± 19.
The Gating of Presynaptic Na + Channels Understanding the role of presynaptic Na + channels in Analysis of confidence intervals by bootstrap analysis confirmed that reliable parameter estimates could be AP conduction in mossy fibers requires a quantitative analysis of Na 2A , and 2C). Inactivation of Na + channels in MFBs was virtually complete; the steady-state current 1995). The capacitance of outside-out patches isolated from MFBs was 43.8 ± 4.5 fF (n = 7), corresponding to a measured 30 ms after the onset of the test pulse was only 0.90 ± 0.30% of the peak current (n = 9). Thus, patch area of 4.38 µm 2 , assuming a specific membrane the presynaptic Na + channels in MFBs were rapidly and −30 mV. Steady-state inactivation was quantified as the ratio of peak currents at a given prepulse potential dicompletely inactivating.
The high channel density and the ideal voltage-clamp vided by the maximal Na + current ( Figures 2C and 2D ). Both activation and inactivation curves showed a sigconditions in the isolated patch allowed us to measure the voltage-dependence and kinetics of gating with moidal shape and were fitted adequately by Boltzmann functions (see Table 1 ). The mean midpoint potential of high resolution. To determine the activation curve, a major determinant of the threshold of AP initiation unthe activation curve was −38.4 mV, and the slope factor was 8.0 mV (n = 13), corresponding to the movement der physiological conditions, we used a pulse paradigm with test pulses ranging from −70 mV to +70 mV preof 3.2 elementary charges through the entire membrane electric field. ceded by 50 ms prepulses to −120 mV. Activation curves were obtained by converting peak currents into We next analyzed the time course of activation and inactivation of the presynaptic Na + channels. The actipeak conductances, normalizing them by the maximal value reached at potentials R 0 mV, and plotting them vation time constant was obtained by fitting the rise of Na + currents at test pulse potentials R−50 mV with an against test pulse potential (Figures 2A and 2B) . To measure the inactivation curve, a major determinant of exponential function with delayed onset ( Figure 3A) . The inactivation time constant was measured by fitting Na + channel availability at varying resting potentials, we used a pulse paradigm with test pulses to 0 mV, prethe decay of the Na + currents with an exponential function. To determine the deactivation time constant, we ceded by 50 ms prepulses ranging from −120 mV to applied 300 µs pulses to 0 mV followed by steps to Na + channels was approximately two times faster than that of somatic Na + channels in the same cell type ( Figure 3D ; Table  1 ). Likewise, the inactivation time constant was 0.95 ms the time course of recovery from inactivation with a double-pulse paradigm ( Figures 4C and 4D) . The time at −40 mV and decreased monotonically to 0.16 ms at +40 mV (Figures 4B and 4D ; Table 1 ). Thus, presynaptic courses of both onset and recovery from inactivation were adequately fitted with a single exponential funcNa + channels inactivated very rapidly. A comparison of time constants of onset of inactivation in patches from tion. The time constant of onset of inactivation was 7.7 ms at −70 mV (n = 9; Figure 4B ; Table 1 ), and the time MFBs and granule cell somata under identical recording conditions revealed that inactivation of presynaptic constants of recovery from inactivation were 13.5 ms at Figure 2B ) Figure 2D ) Slope Factor 8.0 ± 0.5 mV (n = 13; 6.4 ± 1.3 mV (n = 13; Figure 2B ) Figure 2D ) τ 264 ± 77 µs at −40 mV 170 ± 25 µs at −40 mV 0.95 ± 0.11 ms at −40 mV (n = 9; Figure 3A) (n = 6; Figure 3C ) (n = 13; Figure 3B ) τ 45 ± 29 µs at +40 mV 51 ± 9 µs at −110 mV 0.16 ± 0.03 ms at +40 mV (n = 9; Figure 3A) (n = 6; Figure 3C ) (n = 13; Figure 3B ) τ (prepulse, double 7.66 ms at −70 mV (n = 9; 4.70 ms at −120 mV pulse) Figure 4B ) (n = 10; Figure 4D ) dowed with a high Na + conductance (g Na,bouton = g Na,axon = 50 mS cm −2 ); (2) a similar scenario, but with Na + Channels in MFBs Boost Presynaptic AP passive boutons (g Na,bouton = 0, g Na,axon = 50 mS cm −2 ); Amplitude and Ca 2+ Inflow (3) a configuration in which axon and boutons were enTo examine the contribution of active boutons to AP dowed with a reduced Na + conductance (g Na,bouton = propagation in mossy fibers, we described the gating g Na,axon = 15 mS cm −2 ); and (4) a similar scenario, but of Na + channels in MFBs by a Hodgkin-Huxley (HH)-with passive boutons (g Na,bouton = 0, g Na,axon = 15 mS type model. . In the second situation, the reliability and con-HH model (see Table 1 for parameter values), illustratduction time were maintained, but the amplitude of the ing that the model described the experimental observapresynaptic AP was reduced substantially ( Figure 6A , tions adequately. right panel). In the third scenario, the AP propagated Next, we simulated AP conduction in a reduced but reliably, but both AP amplitude and conduction velocity realistic axon-multibouton morphology comprised of a were reduced ( Figure 6D ). Na + channels represented by the experimentally conAnalysis of AP properties for a wide range of bouton strained HH model were inserted in different densities and axon Na + conductances revealed that the ampli-(the voltage dependence of both activation and inactitude of the presynaptic AP and the probability of sucvation was shifted by +12 mV to account for differences cessful propagation were controlled differentially (Figures 6E and 6F). The presynaptic Na + conductance in the Donnan potential between whole-cell and iso- . For active boutons (g Na,bouton = g Na,axon = 50 mS cm −2 ), the presynaptic peak Ca 2+ cursynaptic Na + channels boost the AP amplitude, whereas axonal Na + channels primarily determine the reliability rent was 2.8-fold larger than in a scenario with passive boutons (g Na,bouton = 0; g Na,axon = 50 mS cm −2 ; Figure of propagation.
We also tested the hypothesis that Na + channels in 7C). Analysis of AP amplitude for a wide range of bouton and axon Na + conductances revealed that presynboutons are essential for the timing of signaling in the mossy fiber pathway, and we examined the conduction aptic Na + channels typically boost presynaptic Ca 2+ inflow by a factor of~2 ( Figure 7C, inset) . time and the half-duration of the presynaptic AP for a wide range of bouton and axon Na + conductances (FigFilopodial extensions , which emerge from the large bouton and form synapses on interneurons, are a hallures 7A and 7B). Increases in both bouton and axon Na + conductance density resulted in a decrease in conmark of mossy fiber terminals (Acsády et al., 1998; Lawrence and McBain, 2003). The excitability of these filoduction time. However, changes in conductance were less effective in the bouton than in the axonal compartpodia is unknown. We simulated presynaptic Ca 2+ currents at the end of the filopodia in three different ment ( Figure 7A ). Likewise, increases in both bouton and axon Na + conductance density resulted in a scenarios ( Figure 7D ): (1) a configuration in which both MFBs and filopodia were active (g Na,bouton = g Na,filodecrease of the half-duration of the presynaptic AP, with g Na,bouton being slightly more effective than g Na,axon podia = 50 mS cm −2 ), (2) a situation with active MFBs but passive filopodia (g Na,bouton = 50 mS cm −2 , g Na,filopodia = ( Figure 7B ). Thus, active properties of boutons contribute to the speed of AP propagation and, unexpectedly, 0), and (3) a scenario in which both MFBs and filopodia were passive (g Na,bouton = g Na,filopodia = 0). The amplitude to the short duration of the presynaptic AP. ). The graph in (F) shows the same data plotted three-dimensionally against both g Na, bouton (front axis) and g Na,axon (right axis). Note that g Na,bouton determines the AP amplitude in the bouton (active boutons boost the AP by 40 mV in comparison to passive boutons), whereas g Na,axon has markedly smaller effects. APs were evoked by 200 pA, 2 ms current pulses at the soma. g Na,soma = 10 mS cm −2 in all simulations.
of I Ca was large in the first, intermediate in the second, revealed that presynaptic Na + channels amplify the amplitude of the presynaptic AP, and thereby boost the and very small in the third scenario ( Figure 7D) . Thus, active properties of boutons and/or filopodial extenpresynaptic Ca 2+ inflow required for transmitter release. Thus presynaptic voltage-gated Na + channels are insions appear to be absolutely necessary to trigger glutamate release at mossy fiber-interneuron synapses volved in the control of synaptic transmission.
(Lawrence and McBain, 2003).

Axon-like Properties of a Cortical Presynaptic Element Discussion
Based on recording of macroscopic Na + currents in outside-out patches, we estimate a Na + conductance Our results reveal several unexpected properties of hippocampal mossy fiber terminals. First, direct recording density of 49 mS cm −2 (or 490 pS µm −2 ) and a Na + channel density of 41 channels µm −2 in hippocampal mossy showed that mossy fiber boutons express Na + channels in high density, in contrast to other presynaptic fiber boutons (Figure 1) . Assuming that the diameter of a typical bouton is 4 µm (Chicurel and Harris, 1992; elements examined to date. Second, Na + channels in MFBs show rapid inactivation onset and recovery, sugAcsády et al., 1998; Geiger and Jonas, 2000), these values correspond to a total conductance of 24.6 nS and gesting functional specialization of presynaptic versus somatodendritic channels. Finally, computational analysis a total number of~2000 channels per bouton. The pre- cooperative binding of 4-5 Ca 2+ ions to the Ca 2+ sensor Nav1.6 immunoreactivity in this region has not been ex- (Schneggenburger and Neher, 2000) , the amount of amined yet, but Nav1.2 and Nav1.6 are frequently colotransmitter release could be increased up to~2 4 (16-calized in nonmyelinated axons throughout the central fold). Na + channels in MFBs, together with expression nervous system (Caldwell et al., 2000) . Thus, it is likely of high-threshold Ca 2+ channels and the cooperativity that the presynaptic Na + channels in MFBs are formed of the Ca 2+ sensor of exocytosis, will boost AP-evoked by a mosaic of Nav1.2 α/β and Nav1.6 α/β heteromers. transmitter release and thus maximize the "signal-toThe fast recovery from inactivation of recombinantly noise ratio" of synaptic transmission. expressed Nav1.2 α/β and Nav1.6 α/β channels further Second, Na + channels in MFBs influence the reliabilsupports this view (Smith et al., 1998) . ity and velocity of AP propagation ( Figure 7A ). However, presynaptic Na + channels are generally less important than axonal Na + channels.
The Presynaptic AP at En Passant versus Terminal Boutons
Third, unexpectedly, Na + channels in MFBs help to limit the duration of the presynaptic AP ( Figure 7B) . InCan we extrapolate from the active properties of MFBs to other axons and synapses? In the hippocampus, tuitively, presynaptic Na + channels, via a boosting of AP amplitude, enhance the activation of presynaptic K + cortex, and cerebellum, the majority of boutons show en passant structure, suggesting that the mechanisms channels (Geiger and Jonas, 2000). Both rapid inactivation of presynaptic Na + channels and fast activation of of AP conduction may be similar to those in the mossy fiber pathway. Consistent with this hypothesis, Ca 
